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Invasive fungal infections represent an increasing problem in patients with inherited and
acquired immunodeﬁciencies.Molecular biotyping techniques, such as DNAﬁngerprint-
ing, are useful tools to increase our knowledge of the pathogenic organisms that cause
them, and thus to improve their treatment and develop prevention strategies. In the
present review, we evaluate and discuss the possibilities and limitations of the methods
currently used for biotyping strains of fungal species. These include techniques based on
restriction fragment length polymorphism (RFLP) with or without hybridization to
probes (Southern), PCR-based techniques, electrophoretic karyotyping (EK), and multi-
locus enzyme electrophoresis (MLEE). Additionally, we discuss newer techniques that
are being developed for the ﬁngerprinting of fungal strains. Among them, we review
conformation-based polymorphism scanning methods, such as single-strand conforma-
tion polymorphism analysis (SSCP) and heteroduplex mobility assays, sequencing
strategies such as multilocus sequence typing (MLST) and DNA microarrays.
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INTRODUCTION
The development of invasive fungal infections
constitutes an increasing problem, particularly in
certain risk groups, such as AIDS patients, bone
marrow and solid organ transplant recipients and
premature infants. In order to improve both the
treatment and the prevention of these infections,
a number of epidemiologic issues need to be
addressed. For instance, it is mandatory to deter-
mine whether the isolated fungus that causes an
infection has been transmitted by a healthy person,
has been acquired from an environmental source
fromwithin the hospital or was a normal colonizer
of the host that has become infectious. In the case
of a recurrent or a persistent infection, the question
is whether one single strain is causing the infec-
tion, or if there has been replacement by new,
perhaps more resistant, strains with different gen-
otype. It is also of interest if a new therapy for an
underlying disease changes the epidemiology of
any opportunistic pathogen. To answer these ques-
tions, strain typing by conventional and molecular
methods provides useful additional information.
MOLECULAR BIOTYPING METHODS
Historically, phenotypes of bacteria and fungi
were determined by the morphology of the colo-
nies when grown on speciﬁc media, by biochem-
ical tests, by serology, by killer toxin susceptibility
and by resistotyping [1]. However, these systems
did not show enough reproducibility, were often
excessively cumbersome, and, above all, had
limited discriminatory power. Additionally, at
least some fungi, such as Candida albicans, C. tro-
picalis [2], C. glabrata [3] and Cryptococcus neofor-
mans [4], can switch phenotype, thus rendering the
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phenotyping techniques unable to answer the
questions listed above.
The development of DNA-ﬁngerprinting tech-
niques has enabled us to compare the genomes of
the strains. The ﬁngerprinting techniques depend
on the assumption that comparisons of selected
areas of the genome, named genetic markers, can
be extrapolated to the complete genomes of the
strains. The rationale for this is that, in clonal
organisms, there is little or no chromosomal
recombination and meiosis. Thus, chromosomes
are transmitted from the parental organism to its
offspring ‘as a whole’, and the main source of
variability is mutation, either point mutation or
insertions and deletions of DNA fragments. Since
those changes are transmitted to the new genera-
tions as a block, comparison of enough genetic
markers allows genetic relatedness to be detected,
and makes possible the generation of dendograms
(Figure 1). However, if the organism under study
reproduces sexually, the genetic markers can be
exchanged between chromosomes, and thus
genetic distances cannot be assessed by comparing
only a few genetic markers (Figure 2) [5].
For this method to be sufﬁciently accurate, the
chosen genetic markers need to fulﬁll a number
of conditions. First, they should mutate with a
medium frequency; if the frequency of mutation
is too low, differences among strains cannot be
detected, and if it is too high, most of the isolates
will be different and cannot be clustered. Second,
they should not be subject to evolutionary pres-
sure, since this would bias the genetic relatedness.
Third, the probability of a reversion of a mutation
in them should be very low (an example of an
erroneous marker would be a transposable ele-
ment). Finally, the probability of the same muta-
tion occurring in two independent isolates should
be extremely low, in order to avoid homoplasy
(common characteristics that do not have a com-
mon ancestor).
Several criteria have been proposed for asses-
sing the discriminatory power of a ﬁngerprinting
method in determining genetic relatedness [6,7].
The authors propose that a suitable technique
must be resistant to environmental perturbations
and high-frequency genomic reorganization (for
example, techniques based on minichromosomes
or on DNA sequences that have high-frequency
reorganizations, either reversible or irreversible,
will not be valid). Additionally, the ﬁngerprints
generated must be stable over time, which is why
selected sequences should undergo little or no
recombination. Moreover, the method needs to
Figure 1 Evolution of the genome of an asexually reproducing organism. For simplicity, only one chromosome is
represented. D1–D7 represent strains derived sequentially. A, B, C and D: polymorphic genetic markers. M1–M3: mutations
undetected by the genetic markers chosen. By comparing the number of genetic markers that the different strains share, the
genetic relatedness can be deduced, and the dendogram shown in the ﬁgure can be generated. D1 and D2 share the markers
A, B, C andD; thus they are very closely related, and are grouped into a cluster. Similarly, D4, D5 andD6 share A, B0, C andD,
and are grouped into a cluster. D3 shares B, C and Dwith D1 and D2, and A0, C and Dwith D4–D6, being moderately related
to both clusters. On the other hand, D7 shares A0, B0 and Dwith the cluster of D4–D7, beingmoderately related to it, but more
distantly related to D1 and D2.
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be resistant to homoplasy. Furthermore, the data
generated must be reproducible; the same strains
should yield the same results on all occasions
tested, both in the same laboratory and in different
laboratories at different times. Finally, and most
importantly, a genetic ﬁngerprinting method must
be capable of assessing genetic relatedness at the
level of resolution necessary to answer the ques-
tions posed. The technique should be able to iden-
tify unrelated, possibly related, probably related
(identifying microevolutionary changes in a
strain) and very probably related strains (isolates
assigned to the same molecular type that are likely
to have a very recent common ancestor).With such
a method, a similarity coefﬁcient between any
given pair of isolates could be calculated, which
would be used to generate dendograms. The effec-
tiveness of the method in clustering the strains at
these levels of relatedness must be veriﬁed by
comparison with an unrelated method. This is
particularly important when assessing the epide-
miology of certain yeasts that undergo micro-
evolution or ‘substrain shufﬂing’. In this case,
epidemiologically related isolates sometimes
show minor banding pattern differences with a
variety of ﬁngerprinting techniques, thus raising
the question as to how different the ﬁngerprint
patterns of two isolates have to be before they can
be safely regarded as distinct strains [8,9]. Ideally,
the data generated by the method should be amen-
able to computer-assisted analysis and storage for
retrospective analysis and comparisons between
laboratories.
Methodologically, the techniques should be rea-
sonably rapid, economically feasible, and within
the technological capabilities of most clinical
microbiological laboratories. A method should
be applicable to every strain of a particular species,
and capable of evaluating a high throughput of
samples [1].
RESTRICTION FRAGMENT LENGTH
POLYMORPHISM (RFLP) OR
RESTRICTION ENZYME
ANALYSIS (REA)
Puriﬁed DNA is restricted by selected endonu-
cleases, and the yielded fragments are separated
in an agarose gel. This generates a banding pattern
based on different fragment lengths determined
by the restriction sites identiﬁed by the particular
endonuclease used. Variations among strains can
occur as a result of mutations in restriction site
sequences, aquisition or deletion of recognition
sites, or insertions and deletions in the sequences
between recognition sites. However, as with most
ﬁngerprinting techniques, bands with identical
mobilities are not necessarily homologous. To
bypass this problem, sequence-conﬁrmed ampli-
ﬁed region analysis (SCAR) may be used; the
discriminating bands are ampliﬁed by polymerase
chain reaction (PCR) and sequenced, ensuring that
alleles from different individuals are homologous.
This technique has the advantage of being rapid,
easy and inexpensive. However, there are several
methodological caveats to RFLP. First, owing to
the complexity of the fungal genome, the genera-
tion of a large number of bands decreases the reso-
lution of bands representing unique sequences.
Second, like all eukaryotic genomes, fungal gen-
omes contain repetitive rRNA genes organized in
cistrons, with relatively homologous sequences
and intergenic regions. Because of this, rDNA
sequences [10], and to a lesser extent mitochon-
drial DNA sequences [11], represent the majority
of intense bands in an RFLP pattern, fragments
that do not provide enough information to assess
the relatedness of moderately related isolates.
RFLP WITH HYBRIDIZATION
The fragments generated by RFLP can be trans-
ferred to a membrane and hybridized by Southern
Figure 2 Evolution of the genome of a sexually reproduc-
ing organism. For simplicity, only one chromosome from
each parent strain is represented. A, B, C and D: poly-
morphic genetic markers. After recombination, all 16 com-
binations of the genetic markers are possible, all of them
having the same genetic relatedness (ﬁrst generation),
which does not allow us to generate a dendogram.
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blot with a probe that can recognize one or more
fragments of the restricted DNA. In this manner,
only certain fragments of the RFLP are selected for
visualization, thus ignoring the rDNA and the
mitochondrial DNA, and increasing the resolu-
tion. There are different kinds of probe that can
be used for this purpose.
Single-gene probes can discriminate among iso-
lates based upon allelic polymorphisms. However,
they generate patterns with only one or two bands,
not enough to discriminate strains and determine
genetic relatedness. Therefore, it is necessary to
hybridize the membrane with several probes inde-
pendently and combine the data obtained [12]
(multilocus genotyping).
Probes that bind repetitive DNA fragments con-
tained in one or more chromosomes are useful for
identifying individual isolates, with a high dis-
criminatory power for highly probable matching
and unrelated isolates. However, since every
band is variable, they cannot cluster moderately
related isolates (e.g. Candida repetitive element 2
(CARE2)), and thus are not suitable for estimating
genetic or phylogenetic relationships among in-
dividuals [5,6].
The ideal probe for phylogenetic studies should
be able to assess the genetic relatedness at the
levels of resolution mentioned above, i.e. highly
probable matching, highly related, moderately
related and unrelated strains. Complex probes
are being used successfully for this purpose. A
complex probe contains sequences of a repetitive
element, as well as a unique sequence. In this
manner, the unique sequence can identify moder-
ately related strains. Hybridization to repetitive
sequences dispersed throughout the genome will
identify variability among isolates at several dis-
persed loci. Additionally, hybridization to hyper-
variable sequences can reveal microevolutionary
changes within a strain (Figure 3). Ideally, a com-
plex probe should contain one or more sequences
that hybridize to monomorphic fragments (i.e.
fragments that exhibit the same size inmost strains
within a species) to facilitate normalization to a
universal standard.
The main advantage of this method is that, if a
probe is carefully selected, it can have high dis-
criminatory power. However, while in haploid
organisms (such as Aspergillus fumigatus) the pre-
sence or absence of an allele (a band) can be scored,
in diploid organisms (such as C. albicans) it is not
possible to distinguish homozygous (both alleles
are present) genotypes from heterozygous (only
one of the alleles is present) genotypes.
Fingerprinting by Southern blot hybridization
has been broadly used for fungal ﬁngerprinting.
Probes used include: Ca3, 27A, and CARE2, devel-
oped speciﬁcally for C. albicans [8,13–16]; Ct3, Ct14
and Ct13-8 for C. tropicalis [2,17]; Cg6 and Cg12 for
C. glabrata [18]; Cd1, Cd24, and Cd25 for C. dubli-
niensis [19]; Cp3 for C. parapsilosis [6]; CkF1,2 for C.
krusei [20]; CNRE-1 for C. neoformans [21]; l3.9
(Af3.9), M13 and Afut1 for A. fumigatus [22–24];
and pAF28 for A. ﬂavus [25].
PCR-BASED TECHNIQUES
These methods are similar to RFLP, because they
evaluate DNA sequence variation in short regions,
but instead of analyzing restriction endonuclease
recognition sequences, they focus on PCR priming
regions. Nucleotide substitutions in the PCR prim-
ing regions, particularly at the 30-ends, can prevent
primer annealing and PCR ampliﬁcation. Addi-
tionally, they can detect insertions and deletions in
the genome. Fungal DNA is subject to PCR using
primers of six to 20 bases. When a single primer is
used, it hybridizes to homologous sequences
Figure 3 Restriction fragment length polymorphism with
Southern blot hybridization to a complex probe. S1–S3,
strains 1–3. Restriction sites of the enzyme chosen are
represented by broken arrows. A, invariant sequence; B,
moderately variable sequence; R1–R3, hypervariable
sequences, generally repetitive sequences. Strains S1 and
S2 would be considered as highly related, since they only
differ in one hypervariable band. On the other hand, S1 and
S3 can be considered as unrelated, since they share only the
invariant band.
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throughout the genome. If the primer hybridizes to
two sequences, one on each strand of the genome,
which are separated by 3 kb or less (amplicon),
the DNA between them will be ampliﬁed in the
ﬁrst reaction and extended beyond the point at
which there is a cognate sequence on the opposite
strand. Thus, in the next cycle, the primer will
hybridize not only to the original genomic DNA,
but also to the products of the ﬁrst cycle. In the
subsequent cycles, each amplicon is duplicated,
until the abundance of amplicons is such that
primers continue to promote their synthesis exclu-
sively (Figure 4). The main advantage of this
technique is that it is rapid, easy and relatively
inexpensive. PCR-based techniques have been
broadly used to compare isolates of several fungal
species, such as C. albicans [13], C. tropicalis,
C. glabrata, C. lusitaniae, C. dubliniensis, C. krusei
[26–29], A. fumigatus [23,24,30], A. niger [31],
C. neoformans [32,33], Malassezia spp. [34], and
Fusarium solani [35].
Random ampliﬁed polymorphic DNA (RAPD)
or arbitrarily primed PCR analysis uses a random
single primer of approximately ten bases. It is easily
designed, technically simple, and often detects
variation among isolates that are invariant with
RFLP analysis, with or without Southern blot
hybridization [5,23,36]. Although a single primer
can generate a relatively complex pattern that
varies among isolates, in most instances a single
primer provides one to three intense bands that
may differ among isolates. In such a case, it is
necessary to use a number of primers, evaluate
them independently, and combine the information.
Criticisms of this method are that bands of equal
electrophoretic mobility may not be homologous,
Figure 4 Polymerase chain reaction. In the annealing step, the primers bind to complementary sequences in the genome.
Then, in the ﬁrst synthesis cycle, polymerase copies the DNA sequence. If the sequences complementary to the primer are
separated by less than 3 kb (left), the polymerase will copy them, and all the products will possess sequences complementary
to the primer at the 30-end. Therefore, in the next cycle, the polymerase will duplicate both the genomic sequence and the
products of the previous cycle (amplicons). In this manner, amplicons are duplicated in each cycle. If the complementary
sequences are separated by more than 3 kb (right), the polymerase will not reach them, and thus in the next cycle the primer
will not anneal to the 30-end of the recently synthesized DNA strands. Therefore, in each cycle, only the original DNA is
copied.
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as has been demonstrated in plants [37], and that
missing bands may not be homologous because
they can be lost by several possible nucleotide
substitutions in either PCR priming site as well
as by length mutations. As with RFLP, the homol-
ogy of the absent or present bands can be assessed
by SCAR analysis [5], but again, it is not possible
to distinguish homozygous from heterozygous
genotypes. Moreover, the appearance or disap-
pearance of an RAPD band may result from
non-speciﬁc primer hybridization to the DNA
template during ampliﬁcation rather than from
some mutation at the speciﬁc primer site [24].
A methodological drawback to this technique is
the low reproducibility, not only among labora-
tories, but even within a laboratory over time.
Factors that can be implicated are: ﬁrst, that any
methodological aspect of PCR can affect reproduc-
ibility, including small differences of primer/
template concentration ratio, the temperatures
during the ampliﬁcation reaction, the concentra-
tion of magnesium in the reaction mixture, and
even the source of the Taq enzyme [38]; and sec-
ond, that visual comparison of the banding pat-
terns of different gels may be subjective, even in
the presence of internal standards [39].
Sequence-speciﬁc DNA polymorphism (SSDP)
uses speciﬁc primers and PCR at higher strin-
gency, thus avoiding the drawback of the lack of
reproducibility of the RAPD method [40,41].
Microsatellites are tandemly repeated stretches
of two to six nucleotides that occur between
codifying regions of eukaryotic genomes,
including fungi [42]. These sequences show a
substantial level of polymorphism between indi-
viduals, and have been extensively used for phy-
sical mapping in humans [43,44]. Microsatellite
length polymorphism (MLP) uses speciﬁc primers
for these sequences in order to amplify the micro-
satellite locus by PCR [24,42,43,45]. However, one
concern with this technique is that, since these
sequences are highly mutable, there may be homo-
plasy [5]. Additionally, homology between frag-
ments with the same mobility from different
isolates needs to be established by sequencing
techniques.
ELECTROPHORETIC
KARYOTYPING (EK)
Most fungal species, both sexual and asexual, dis-
play chromosome-length polymorphism (CLP),
which results from unequal chromosomal rearran-
gements or from chromosome breaking and
healing [46]. These phenomena—also observed
during the stepwise development of azole resis-
tance—can lead to novel sizes of chromosomes,
translocations, and even loss of material, probably
dispensable (unpublished observation). Sequences
that cause these unequal rearrangements are
mainly transposable elements and other dispersed
repeats, since they are substrates for ectopic
recombination (recombination between non-
homologous chromosomes). For instance, the
tandem repeat containing the rRNA genes is vari-
able in length in all fungi, and in some cases has
been shown to be a direct source of CLP. Chromo-
some-length polymorphism is evaluated by elec-
trophoretic karyotype (EK) analysis, which uses
electric ﬁelds of alternating orientation to move
intact chromosomes through an agarose gel
matrix.
In a study comparing serial isolates of C. albicans
from 20 patients, Barton et al. [47] found a correla-
tion between the karyotype and the ﬁngerprints
obtained both by Southern blot and by sequence-
speciﬁc PCR. However, in another study, Voss
et al. [48] found that an isolate that colonized
the hands of a healthcare worker showed the
same karyotype as the isolates causing infection
in three patients. Further analysis with restriction
endonuclease analysis of genomic DNA demon-
strated that they were different strains. In another
inter-laboratory study, EK was used effectively to
compare strains of C. albicans, C. lusitaniae, C.
parapsilosis, C. tropicalis, and C. glabrata [49]. Addi-
tionally, this technique has been used to biotype
C. parapsilosis, C. dubliniensis, C. lusitaniae, and
C. neoformans, by several groups [27,47,50–54].
However, it cannot be used for epidemiologic
investigations of Malassezia spp., since the karyo-
type of this fungus does not vary intraspeciﬁcally
[34].
One concern with EK is the higher probability of
homoplasy. Variability of the rDNA chromosome
has been observed among different strains of
many species, including C. albicans. On compar-
ison of the karyotypes of clinical isolates and
spontaneous mutants of C. albicans, the rDNA
chromosome varied about twice as often as other
chromosomes [55]. Another concern, common to
several other techniques, is the possibility that
bands of the same size may not be homologous
(see, for example, Chu et al. [56]). Rather expensive
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equipment is necessary, and run times may be as
long as several days.
MULTILOCUS ENZYME
ELECTROPHORESIS (MLEE)
Housekeeping enzymes are generally conserved
through evolution, since the loss of one of them is
usually a serious disadvantage for any eukaryotic
organism. However, most of them display a lim-
ited number of isotypes, mostly due to homolo-
gous amino acid substitutions (substitutions by
other amino acids with similar chemicophysical
properties). Since these isotypes are transferred
from parental strains, by comparing enough of
these enzymes, the phylogenetic relatedness of
these strains can be established.
MLEE evaluates the polymorphism of isoen-
zymes or allozymes of the isolates. Proteins from
cell extracts are separated by electrophoresis
under native conditions, and the enzymes are
visualized by speciﬁc enzyme-staining proce-
dures. A careful selection of several enzymes
can provide enough information to enable the
detection of microevolution within strains [7].
Enzymes that have been used in the ﬁngerprinting
of several fungi are detailed in Table 1.
The main advantage of this method is its high
discriminatory power when a sufﬁcient number of
enzymes is evaluated, and the very low probability
of homoplasy in clonal organisms.
There are several criticisms of MLEE. First, it
assays the genotype indirectly. Therefore, varia-
tion at the nucleotide level may go undetected,
because nucleotide substitutions do not neces-
sarily change the amino acid composition. More-
over, changes in amino acid composition do
not necessarily change the electrophoretic
mobility of the protein, and, as a consequence,
alleles considered to be homologous from diff-
erent individuals may represent different gene
alleles. Second, selection may be acting on the
polymorphisms, so that anonymous DNA
markers may give a very different picture from
allozyme markers, presumably because the
former are neutral and the latter are under
some sort of selection [5]. The methodological
drawback of MLEE is that at least ten enzymes
must be evaluated to provide enough variability
among isolates, and it is therefore relatively time-
consuming.
IDENTIFICATION OF
SINGLE-NUCLEOTIDE
POLYMORPHISMS (SNPs)
Single-nucleotide polymorphisms are single-base
variations at a unique physical location. A variety
of techniques is available for SNP identiﬁcation.
Conformation-based polymorphism scanning/
single-strand conformation polymorphism
analysis (SSCP)
DNA regions with potential polymorphisms are
ampliﬁed by PCR. The products are then dena-
tured by formamide and heat, generating single-
stranded DNAs which adopt a tertiary structure
that depends on the sequence. A difference in one
base generally forms a different conformer and
migrates differently on a non-denaturing polya-
crylamide gel [57]. SSCP of the rRNA genes 18S or
28S has been used to identify a wide variety of
fungi, but to our knowledge it has not been
assessed on more polymorphic genes to ﬁnger-
print fungal strains of the same species [58,59].
Heteroduplex mobility assays
After PCR ampliﬁcation of DNA regions of inter-
est, the DNA is denatured by heat and allowed to
anneal, forming homoduplexes when the se-
quences are identical, and heteroduplexes when
there is a difference in one or more bases. A
single-base mismatch can produce conformational
changes in the double helix that cause the dif-
ferential migration of homoduplexes and hetero-
duplexes during gel electrophoresis [57]. A
heteroduplex mobility assay with a panel of refer-
ence fragments (HPA) has been used to assess
intraspeciﬁc variation in a group of aﬂatoxin-pro-
ducing Aspergillus spp. [60].
DNA MICROARRAY GENOTYPING
The DNA microarray is a hybridization-based
genotyping technique that offers simultaneous
analysis of many polymorphisms. High-density
microarrays (or DNA chips) are created by attach-
ing hundreds of thousands of oligonucleotides to a
solid silicon surface in an ordered array. The DNA
sample of interest is PCR ampliﬁed to incorporate
ﬂuorescently labeled nucleotides, and then hybri-
dized to the array. Each oligonucleotide in the
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Table 1 Housekeeping enzymes that have been used for genotyping fungi by MLEE
Enzyme Species
a-Amylase EC 3.2.1.1 Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Saccharomyces cerevisiae [73]
Acid phosphatase EC 3.1.3.2 Candida parapsilosis [74]
Aconitase EC 4.2.1.3 Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Saccharomyces cerevisiae [73],
Aaspergillus fumigatus [75]
a-Esterase EC 3.1.1.1 Candida albicans [13], Candida parapsilosis [74],
Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Sacccharomyces cerevisiae [73]
a-Glucosidase EC 3.2.1.20 Candida parapsilosis [74]
Alcohol dehydrogenase EC 1.1.1.1 Candida albicans [13], Candida albicans,
Candida parapsilosis, Candida guillermondii,
Candida krusei, Candida tropicalis,
Saccharomyces cerevisiae [73]
Aldolase EC 4.1.2.13 Candida albicans [13]
Alkaline phosphatase EC 3.1.3.1 Candida parapsilosis [74]
a-Mannosidase EC 3.2.1.24 Candida parapsilosis [74]
Aspartate aminotransferase EC 2.6.1.1 Candida albicans [13], Aspergillus fumigatus [75]
Aspartate dehydrogenase EC 1.4.3.x Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Saccharomyces cerevisiae [73]
b-Esterase EC 3.1.1.1 Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Saccharomyces cerevisiae [73]
b-Glucosidase EC 3.2.1.21 Candida parapsilosis [74]
Catalase EC 1.11.1.6 Candida parapsilosis [74], Candida albicans,
Candida parapsilosis, Candida guillermondii,
Candida krusei, Candida tropicalis,
Saccharomyces cerevisiae [73]
Fructose kinase EC 2.7.1.4 Aspergillus fumigatus [75]
Fumarase EC 4.2.1.2 Candida albicans [13]
Glucose-6-phosphate dehydrogenase EC 1.1.1.49 Candida albicans [13], Candida parapsilosis [74],
Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Sacchromyces cerevisiae [73],
Aspergillus fumigatus [75]
Glucose dehydrogenase EC 1.1.1.47 Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Saccharomyces cerevisiae [73]
Glucose-6-phosphate isomerase EC 5.3.1.9 Candida albicans [13], Aspergillus fumigatus [75]
Glucosyl transferase EC 2.4.1.11 Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Saccharomyces cerevisiae [73]
Glutamate–oxalacetate transaminase EC 2.6.1.1 Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Saccahromyces cerevisiae [73]
Glutamate dehydrogenase EC 1.4.1.2 Aspergillus fumigatus [75]
Hexokinase EC 2.7.1.1 Candida albicans [13], Aspergillus fumigatus [75]
Isocitrate dehydrogenase EC 1.1.1.42 Candida albicans [13], Candida albicans,
Candida parapsilosis, Candida guillermondii,
Candida krusei, Candida tropicalis,
Saccharomyces cerevisiae [73], Aspergillus fumigatus [75]
Lactate dehydrogenase EC 1.1.1.27 Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Saccharomyces cerevisiae [73],
Aspergillus fumigatus [75]
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high-density array acts as an allele-speciﬁc probe.
Perfectly matched sequences hybridize more efﬁ-
ciently to their corresponding oligomers on the
array, and therefore give stronger ﬂuorescent sig-
nals than mismatched probe–target combinations.
The hybridization signals are quantiﬁed by high-
resolution ﬂuorescent scanning and analyzed by
computer software. SNPs, as well as insertions
and deletions, can be identiﬁed by this method
[57].
Microarrays produce a very large amount of
sensitive and accurate data, and can analyze a
very large number of polymorphisms at a time,
since hundreds of thousands of oligonucleotides
can be arrayed on a square-centimeter chip. For
instance, Winzeler et al. [61] compared one labora-
tory strain and one clinical isolate of Saccharomyces
cerevisiae with a microarray containing more than
150 000 25-mer. With this system, they identiﬁed
more than 3500 biallelic markers, which in turn
they used to map a multiresistance locus and four
other loci.
Drawbacks of this technique are as follows.
First, at most two samples (labeled with two dif-
ferent dyes) can be analyzed in one chip, and this
has a high cost, making it unsuitable for large-scale
Table 1 continued
Enzyme Species
Leucine aminopeptidase EC 3.4.11.1 Candida albicans [13], Candida albicans,
Candida parapsilosis, Candida guillermondii,
Candida krusei, Candida tropicalis,
Saccharomyces cerevisiae [73]
Malate dehydrogenase EC 1.1.1.37 Candida albicans [13], Candida parapsilosis [74],
Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Saccharomyces cerevisiae [73],
Aspergillus fumigatus [75]
Malic enzyme EC 1.1.1.40 Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Saccharomyces cerevisiae [73],
Aspergillus fumigatus [75]
Mannitol dehydrogenase EC 1.1.1.67 Candida parapsilosis [74], Candida albicans,
Candida parapsilosis, Candida guillermondii,
Candida krusei, Candida tropicalis,
Saccharomyces cerevisiae [73]
Mannose-6-phosphate isomerase EC 5.3.1.8 Candida albicans [13]
Peptidase 1 EC 3.4.13.18, substrate Val–Leu Candida albicans [13]
Peptidase 2 EC 3.4.11.4, substrate Leu–Gly–Gly Candida albicans [13]
Peptidase 3 EC 3.4.13.9, substrate Phe–Pro Candida albicans [13]
Peptidase A EC 3.4.11, substrate Val–Leu Aspergillus fumigatus [75]
Peptidase B EC 3.4.11, substrate Leu–Gly–Gly Aspergillus fumigatus [75]
Peptidase C EC 3.4.11, substrate Lys–Leu Aspergillus fumigatus [75]
Peptidase D EC 3.4.11, substrate Phe–Pro Aspergillus fumigatus [75]
Peroxidase EC 1.11.1.7 Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Saccharomyces cerevisiae [73]
Phosphoglucomutase EC 5.4.2.2 Candida albicans [13]
Phosphoglucomutase EC 2.7.5.1 Aspergillus fumigatus [75]
Phosphogluconate dehydrogenase EC 1.1.1.43 Aspergillus fumigatus [75]
Purine nucleoside phosphorylase EC 2.4.2.1 Aspergillus fumigatus [75]
Pyruvate kinase EC 2.7.1.40 Candida albicans [13], Aspergillus fumigatus [75]
Sorbitol dehydrogenase EC 1.1.1.14 Candida albicans [13], Candida parapsilosis [74],
Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Saccharomyces cerevisiae [73]
Superoxide dismutase EC 1.15.1.1 Candida albicans [13], Candida parapsilosis [74],
Candida albicans, Candida parapsilosis,
Candida guillermondii, Candida krusei,
Candida tropicalis, Saccharomyces cerevisiae [73]
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experiments. Second, at present, there are difﬁcul-
ties in the management and analysis of the high
amount of data generated. Third, this technique is
currently out of the reach of most laboratories [62].
As research in microarray technology evolves,
variations in the technique are appearing, as it is
applied it to mRNA expression, hereditary disease
analysis, etc. [63]. In an attempt to adapt this
technology to ﬁngerprinting analysis, Jaccoud
et al. [64] have developed a method called ‘diver-
sity array technology’, which may represent a
rapid and economic technique for DNA geno-
typing.
DNA SEQUENCING
Ideally, the most accurate way to compare two
strains would be to compare the sequences of their
genomes. In the authors’ opinion, only DNA
sequencing allows the conclusion that two strains
are genetically identical; with all other methods,
the best evaluation score is a highly probable
relation. Obviously, DNA sequencing is not fea-
sible with the technology currently available, and
even if it was possible, analysis and interpretation
of the data would pose a challenge. However, as
mentioned previously, sequencing can be used to
assess the homology of discriminating bands gen-
erated by RFLP or by PCR.
Sequencing of three polymorphic microsatellite
markers, CDEC3, EF3 and HIS3, was used to
ﬁngerprint C. albicans by Botterel et al. [43]. This
method displayed a high discriminatory power,
and the ability to discriminate heterozygotes.
Another ﬁngerprinting technique that uses
sequencing of certain areas of the genome is multi-
locus sequence typing (MLST). MLST is similar in
concept to MLEE, but it uses nucleotide sequence
determination to identify the alleles of housekeep-
ing genes. MLST addresses two of the drawbacks
of MLEE. Methodologically, it is much faster and
easier to perform, since it is based on a PCR
technique. Theoretically, it identiﬁes variation
among isolates at a nucleotide level, thus being
capable of detecting far more variation. An addi-
tional advantage of this technique is that it is not
necessary to perform all the sequence analyses
simultaneously; they can be performed sequen-
tially as clinical specimens become available.
Moreover, reproducibility between laboratories
must be total, since sequence data do not depend
on the methodology. Finally, like any other PCR-
based technique, MLST has potential application
when no isolate is available, using clinical speci-
mens as samples [65,66].
Maiden et al. [65] used MLST effectively to
investigate an outbreak of Neisseria meningitidis
and to generate a dendogram [65,66]. The use of
MLST in ﬁngerprinting has recently been evalu-
ated by Bougnoux et al. [67]. The authors conclude
that MLST has high resolution in C. albicans strain
differentiation, being able to detect minute varia-
tions in the genomes of related isolates of C.
albicans. They also found that this method dis-
played a high discriminatory power, similar to
that of ﬁngerprinting with the probe Ca3. More-
over, the results obtained were unambiguous, and
data could be shared and compared between
laboratories. Furthermore, the technology is easy
to use, and the method is becoming quicker as
automated sequencing becomes more widely
available.
CONCLUDING REMARKS
The ﬁngerprinting techniques presented here
reﬂect, to a greater or lesser extent, genetic relat-
edness among isolates. Each one of them has
advantages and disadvantages. Common draw-
backs are the potential lack of homology, which
can be assessed only by sequencing, and the pos-
sibility of homoplasy. To avoid this possibility, we
recommend the use of at least two different tech-
niques when a perfect match between two isolates
is found.
In addition to the questions presented above,
there are more subjects that can be addressed by
ﬁngerprinting techniques. For instance, factors
such as pathogenicity, virulence and drug resis-
tance could be related to speciﬁc genotypes. Fin-
gerprinting techniques are not based on these
genes (most of which are not known), but on
general genetic sequences or on metabolic genes.
However, since the organisms under study are
clonal, there is little or no recombination, keeping
genes together and, thus, keeping traits associated.
If the appropriate genetic marker is selected, by
comparing the pathogenic characteristics men-
tioned above among strains at different distances
in a dendogram, it is possible to ﬁnd relationships
between genotypes and the factors mentioned. For
example, McCullough et al. [26] analyzed by PCR
a large collection of pathogenic Candida strains (a
total of 457 strains), grouping the isolates into
 2003 Copyright by the European Society of Clinical Microbiology and Infectious Diseases, CMI, 9, 172–185
Gil-Lamaignere et al Molecular typing for fungi 181
genotypes. They were able to correlate one of the
genotypes with a lower susceptibility to ﬂucyto-
sine. In contrast, in another study, Cowen et al. [12]
could not ﬁnd any correlation between azole resis-
tance in clinical isolates of C. albicans and ﬁnger-
printing, either by multilocus genotyping or by
Southern blot analysis with the probe 27A.
Fingerprinting techniques can also be used as
diagnostic tools for rapid identiﬁcation of species.
For instance, Thanos et al. [68] used PCR with four
non-species-speciﬁc primers on a series of clinical
isolates. Comparing the patterns generated with
those of reference strains, they succeeded in iden-
tifying to species level several Candida spp.,
including some isolates that could not be identiﬁed
by commonmetabolic identiﬁcation techniques. In
another study, using PCR with species-speciﬁc
primers, Loefﬂer et al. [69] were able to identify
DNA extracted from a wide range of Candida spp.,
as well as S. cerevisiae, Trichosporon cutaneum, M.
furfur, Fusarium solani, A. fumigatus, and A. niger.
Additionally, Lindsley et al. [70] have developed
probes speciﬁc for Histoplasma capsulatum, Blasto-
myces dermatitidis, Coccidioides immitis, Paracocci-
dioides brasiliensis, Penicillium marneffei, Sporothrix
schenckii, Cryptococcus neoformans, ﬁve Candida
spp., and Pneumocystis carinii.
In addition to epidemiologic and diagnostic
purposes, DNA-ﬁngerprinting methods can be,
and have been, used to resolve anomalies in fungal
taxonomy. Strains that historically were classiﬁed
within the same species have been separated into
different species by the use of DNA-ﬁngerprinting
methods, and others that were considered as dif-
ferent species have been shown to be strains of a
single species [71,72].
As the sequencing of the entire genomes of
several pathogens continues to progress, more
information is becoming available that will help
improve the ﬁngerprinting techniques. This, in
turn, will allow the comparison of isolates in a
more efﬁcient and accurate manner, which will
lead to enhancements in both the prevention and
the treatment of infections by these agents.
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